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ABSTRACT
Context. The innermost regions in active galactic nuclei (AGNs) were not being spatially resolved so far but spectropolarimetry can
provide us insight about their hidden physics and the geometry. From spectropolarimetric observations in broad emission lines and
assuming equatorial scattering as a dominant polarization mechanism, it is possible to estimate the mass of supermassive black holes
(SMBHs) residing in the AGN center.
Aims. We explore the possibilities and limits and put constraints on the usage of the method for determining SMBH masses using
polarization in broad emission lines by providing more in-depth theoretical modeling.
Methods. We use the Monte Carlo radiative transfer code stokes for exploring polarization properties of Type 1 AGNs. We model
equatorial scattering using flared-disk geometry for a set of different SMBH masses assuming Thomson scattering. In addition to the
Keplerian motion which is assumed to be dominant in the broad line region (BLR), we also consider cases of additional radial inflows
and vertical outflows.
Results. We model the profiles of polarization plane position angle ϕ, degree of polarization and total unpolarized line for different
BLR geometries and different SMBH masses. Our modeling confirms that the method can be widely used for Type-1 AGNs when
viewing inclinations are between 25◦ and 45◦. We show that the distance between the BLR and scattering region (SR) has a significant
impact on the mass estimates and the best mass estimates are when the SR is situated at the distance 1.5–2.5 times larger than the
outer BLR radius.
Conclusions. Our models show that if Keplerian motion can be traced through the polarized line profile, then the direct estimation of
the mass of the SMBH can be performed. When radial inflows or vertical outflows are present in the BLR, this method can still be
applied if velocities of the inflow/outflow are less than 500 km s−1. We also find that models for NGC 4051, NGC 4151, 3C 273 and
PG0844+349 are in good agreements with observations.
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1. Introduction
Active galactic nuclei (AGNs) are known to be one of the most
powerful and steady radiation sources in the Universe. The huge
amount of energy is produced by the accretion of matter onto
supermassive black holes (SMBHs, Lynden-Bell 1969) which
mass ranges from 106 −1010 M (Kormendy & Richstone 1995).
The energy released by the growth of the black hole exceeds the
binding energy of the host galaxy bulge (Fabian 2012). Thus, we
can expect that AGNs have a strong feedback on it’s environment
due to the strong interaction between energy and radiation pro-
duced by accretion and the surrounding gas of the host galaxy.
This can lead to heating or ejection of the interstellar gas, which
can prematurely terminate star formation in the galaxy bulge.
This is well supported by the observed correlation between the
mass of the central SMBH with luminosity, stellar velocity dis-
persion σ∗ or bulge mass (Kormendy & Ho 2013), which in-
dicates that the coevolution of the SMBHs and the host galax-
ies (Heckman & Best 2014) exists. Measuring SMBH masses is
crucial task in order to understand how are they linked with the
evolution of galaxies and AGNs.
Our ability to estimate the masses of AGN central black
holes has significantly advanced in the recent years (see e. g. Pe-
terson 2014, for a review). Several methods (both direct and in-
direct) have been developed. Direct methods are those for which
mass of the black hole is obtained from stellar dynamics by
studying the motions of individual stars around the black hole
(Genzel et al. 2010; Meyer et al. 2012), or gas dynamics (see
e. g. Miyoshi et al. 1995). Indirect methods use observables that
are tightly correlated with black hole mass. One such example is
Mbh − σ∗ relation (Gebhardt et al. 2000; Ferrarese et al. 2001;
Ferrarese & Ford 2005). The most reliable (direct) mass mea-
surements of SMBHs come from reverberation mapping (Bland-
ford & McKee 1982) of broad emission lines in about sixty
AGNs (Bentz & Katz 2015). However, reverberation mapping
includes some unknown assumptions of the Keplerian motion
and the photoionization as dominant physical process in the
BLR.
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A method of the AGN black hole mass estimation using
polarization in the broad lines given by Afanasiev & Popovic´
(2015, hereafter AP15), assumes that broad line photons are
emitted from the disk-like region undergoing a Keplerian mo-
tion, after which are being scattered by the surrounding dusty
torus, resulting in polarization in the broad emission lines. This
method is in a good agreement with reverberation one and offers
a number of advantages over traditional reverberation mapping.
This method needs only one epoch of observations and it is not
telescope time consuming as reverberation mapping method. It
can be applied to lines from different spectral ranges and thus al-
lowing black hole mass measurements for AGNs at different cos-
mological epochs (see for more details in Afanasiev & Popovic´
2015). Note here that in this method, the approximation of one
scattering event per line photon was used and the contribution of
multiple scattering events were not taken into account. Due to the
fact that the polarization is very sensitive to kinematics and ge-
ometrical setup (Goosmann & Gaskell 2007), the full treatment
of 3D radiative transfer with polarization is required to test this
method. The aim of this work is to explore the AP15 method ap-
plying more accurate radiative transfer modeling. First we mod-
eled the polarization in the broad lines using the stokes code, and
after that we compare the calculated polarization with observed
in four Type 1 AGNs.
The paper is organized as followed: in Section 2 we give the
description of the method for mass determination using polariza-
tion in broad lines, in Section 3 we describe parameters used for
models, in Section 4 we give basic informations of the observed
objects used here; our results are given in Section 5. In Section
6 we discuss the obtained results and in Section 7 we shortly
outline main conclusions.
2. AP15 method
According to the unified model (Antonucci 1993; Urry &
Padovani 1995), every AGN hosts an accreting SMBH sur-
rounded by a dusty torus along the equatorial plane. When the
line of sight towards the central engine is unobscured, in Type-
1 objects, permitted broad spectral lines are prominent in the
optical spectra. Broad lines are emitted from the broad-line re-
gion (BLR) – high density clouds (∼ 1010 cm−3) situated around
an accreting black hole with a global covering factor of order
0.1 (Netzer 2013). We can expect near-Keplerian motion of the
emitting gas in the BLR (Gaskell 2009). Farther away, the central
region is surrounded by geometrically thick toroidal structure of
gas and dust with large radial optical depth (Krolik & Begelman
1988). The inner side of the torus is directly illuminated and one
can expect an abundance of free electrons in this part.
The BLR is surrounded by a co-planar scattering region (SR)
which produces polarized broad lines and a characteristic change
of polarization plane position angle ϕ across the line profile can
be expected (Smith et al. 2005). According to AP15, ϕ in the
broad emission line is affected by the velocity field in the BLR
and have specific linear relationship between logV and log(tan
varphi). As shown in Fig. 1 (right), if we have separation in the
velocity field, it will affect ϕ across the line.
Let us shortly recall the method. If the motion in the BLR is
Keplerian, for the projected velocity in the plane of the scattering
region, we can write (see Afanasiev et al. 2014, AP15):
Vi = V roti cos θ =
√
GMBH
Ri
cos θ (1)
where Vi is the rotational velocity of emitting gas, MBH is the
BH mass and Ri is the distance from the center of the disk; G is
the gravitational constant and θ is the angle between the disc and
the plane of scattering (Afanasiev & Popovic´ 2015). Ri can be
connected with the corresponding polarization angle ϕi as Ri =
Rsc tanϕi, where Rsc is the distance from the center to the SR
(Fig. 1). When we substitute this into Eq. (1) taking into account
contribution of the different parts of the disk, the velocity-angle
dependence can be transformed in the following way:
log
Vi
c
= a − 0.5 log (tan (ϕi)), (2)
where c is the speed of light. The expected relation between ve-
locity and ϕ is shown in Fig. 1 (right). The constant a is related
to the black hole mass as
a = 0.5 log
GMBH cos2 θ
c2Rsc
. (3)
In the case of a thin SR (equatorial scattering region), a good
approximation would be to take θ ∼ 0. In this case, the rela-
tion between velocities and ϕ does not depend on the inclination
since the BLR is emitting nearly edge-on oriented line light to
the SR. From the previous equation, the mass of the black hole
can be calculated as
MBH = 1.78 × 102a+10 Rsccos2 θM ≈ 1.78 × 10
2a+10Rsc [M] , (4)
or
log
MBH
M
= (10 + 2a) log (1.78Rsc) , (5)
where Rsc is in light days.
3. Simulation of equatorial scattering
3.1. Radiative transfer code
We have used the radiative transfer code stokes (Goosmann &
Gaskell 2007; Marin et al. 2012, 2015) for investigation of po-
larization in the broad emission line in AGNs. It is a 3D radiative
transfer code based on Monte Carlo approach. It follows single
photons from their creation inside the emitting region through
processes such as electron or dust scattering until they become
absorbed or until they manage to reach distant observer. Initially,
it was developed to study the ultraviolet (UV) and optical con-
tinuum polarization induced by electron and dust scattering in
the radio-quiet AGNs, but it is suitable for studying many as-
trophysical objects of various geometries (Marin & Goosmann
2014). We used the latest 1.2 version of the code stokes which
is publicly available1.
3.2. Parameters of the model
In our model, a point-like continuum source is situated in the
center, emitting isotropic unpolarized radiation for which the
flux is given by a power-law spectrum FC ∝ ν−α with α = 2.
Since we are investigating spectral range around specific line,
the chosen value for the spectal index α = 2 will not affect our
research.
1 http://www.stokes-program.info/
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Fig. 1. Schematic view of light being scattered from the inner part of the torus (left). Expected relation between ϕ and velocity intensity (right).
The continuum source is surrounded by a BLR which is fi-
nally surrounded by a SR. BLR and SR are modeled using flared-
disk geometry with half-opening angle from the equatorial plane
of 15◦ (covering factor ∼ 0.1) for the BLR and 35◦ for the SR.
High covering factor for the SR is necessary in order to obtain
the observed profile of the ϕ. Low covering factor of the SR gives
very small amplitude in the ϕ profile. For the BLR inner radius
RBLRin , we adopted the value obtained by reverberation mapping
(Kaspi et al. 2005; Bentz et al. 2006, 2013). The BLR outer ra-
dius was set by dust sublimation (predicted by Netzer & Laor
1993):
RBLRout = 0.2L
0.5
bol,46, (6)
where Lbol,46 is bolometric luminosity given in 1046 ergss-1.
Bolometric luminosity is approximated from optical nuclear lu-
minosity (Runnoe et al. 2012):
log Liso = 4.89 + 0.91 log L5100, (7)
where log L5100 is the optical nuclear luminosity. After correct-
ing for average viewing angle, we obtain log Lbol = 0.75 log Liso.
In our model, the BLR is transparent to photons i.e., photons can
freely travel from the inner side to the outer side of the BLR.
This is in a good agreement if one perceives BLR as a clumpy
medium with small filling factor. For the flattened BLR (Gaskell
2009):
vKepler > vturb & vinflow,
where vKepler is Keplerian velocity, vturb is the turbulence velocity
and vinflow is the inflow velocity.
In our model, SR is a radially thin region as we assume
that the light is being scattered dominantly due to free electrons
(Thomson scattering) in the innermost part of the torus. We as-
sume that the electron density is decreasing radially outwards in
the form of the power law ne ∝ r−1. The SR inner radius RSRin
is found from the IR reverberation mapping (Kishimoto et al.
2011; Koshida et al. 2014). The SR outer radius RSRout was chosen
such that BLR half opening angle when viewed from the edge
of the SR is 25◦. Investigation by Marin et al. (2012) for the SR
with the flared-disk geometry have shown that optically thin SR
Fig. 2. Cartoon showing the model geometry of the BLR (yellow) and
the scattering disk (grey) in the face-on (left) and edge-on (right) view.
(τ ≤ 0.1) cannot produce sufficient polarization for Type-1 view-
ing angles. On the contrary, for optical depths τ > 3, multiple
scattering can occur, resulting in depolarization. For this reason,
we chose to set the total optical depth in radial direction to be
τ = 1. An illustration of the model is shown in Fig. 2.
3.3. Generic models
We generated four probe models for which the central SMBH
has mass of 106, 107, 108 and 109 M. We expect that the BLR
distance from the center increases when the mass of the central
SMBH increases, since the mass of the SMBH scales very well
with the luminosity of the AGN (Laor 2000; Gu et al. 2001). In
order to determine the size and the position of the BLR as well as
the SR for our probe models, we compiled 14 AGNs for which
BH masses and inner radii of the BLR and SR are known from
reverberation mapping (see Table 1).
We fitted Mbh – radius relation with a power law in the form:
log MBH = C1 logR +C2, (8)
where R takes the values for RBLRin , R
BLR
out and R
SR
in . In Fig. 3, we
show mass-radius relationship with 1σ uncertainty. Fit constants
are listed in the Table 2. This way we obtained a rough estimate
of the BLR and SR sizes for our model setup. We represent the
goodness of fit using the adjusted coefficient of determination
R¯2.
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Table 1. List of objects with known log Mbh, L5100, RBLRin and R
SR
in that we used for models. Mass was estimated from reverberation mapping using
the Hβ line and for < f >= 4.3 (Grier et al. 2013).
Object z log Mbh log L5100 Ref. RBLRin Ref. R
SR
in Ref.
M erg/s light days light days
Mrk335 0.02579 7.230111 43.71 ± 0.06 1 14.10 ± 1.20 3, 4 141.7 7
Mrk590 0.02639 7.569731 43.42 ± 0.07 1 25.50 ± 6.00 3 34.7 7
Ark120 0.03271 8.068022 43.78 ± 0.07 1 32.70 ± 3.00 3 428.8 7, 8
Mrk79 0.02219 7.611875 43.61 ± 0.04 1 29.30 ± 14.30 3 69.5 7
PG0844+349 0.06400 7.858308 44.24 ± 0.04 6 12.20 ± 5.20 3 104.3 7
Mrk110 0.03529 7.292445 43.60 ± 0.04 1 26.90 ± 7.00 3 104.3 7
NGC3227 0.00386 6.774994 42.24 ± 0.11 1 4.40 ± 0.40 3 25.0 7, 8
NGC3516 0.00884 7.394509 42.73 ± 0.21 1 14.60 ± 1.30 3 61.2 7
NGC4051 0.00234 6.129727 41.96 ± 0.20 1 2.50 ± 0.20 3 38.0 7, 8
NGC4151 0.00332 7.555236 42.09 ± 0.22 1 6.00 ± 0.40 3 44.0 7, 8
3C273 0.15834 8.838866 45.90 ± 0.02 1 306.8 ± 90.9 3 963 8
NGC4593 0.00900 6.882240 42.87 ± 0.18 1 4.50 ± 0.65 3 43.0 7
NGC5548 0.01718 7.718341 43.23 ± 0.10 1, 2 17.60 ± 8.86 3, 5 60.0 7
Mrk817 0.03146 7.586162 43.68 ± 0.05 1 21.20 ± 14.70 3 180.0 7
PG1613+658 0.12900 8.338928 44.71 ± 0.03 1 35.00 ± 15.10 3, 6 595.0 7
PG1700+518 0.29200 8.785679 45.53 ± 0.01 1 251.80 ± 42.35 3, 6 687.0 7
References. Optical luminosities are taken from (1) Bentz et al. (2013), (2) Peterson et al. (2013). The estimates for RBLRin are taken from (3) Zu
et al. (2011), (4) Grier et al. (2012), (5) Grier et al. (2013), (6) Kaspi et al. (2000), The estimates for RSRin are taken from (7) Koshida et al. (2014),
(8) Kishimoto et al. (2011).
Table 2. The constants C1 and C2 for the mass–radius relation (eq. 8,
second and third column). Adjusted coefficient of determination R¯2 (the
last column) for the performed fit.
R C1 C2 R¯2
RBLRin 0.682 ± 0.096 −3.890 ± 0.723 0.7915
RBLRout 0.564 ± 0.108 −2.743 ± 0.812 0.6690
RSRin 0.566 ± 0.127 −2.248 ± 0.958 0.5899
Table 3. Central SMBH masses, inner and outer radius of the BLR and
inner radius of the SR that we used in our model.
Mass RBLRin R
BLR
out R
SR
in R
SR
out
M ld ld ld ld
106 1.597 4.385 13.968 20.262
107 7.681 16.076 51.372 74.277
108 36.944 58.934 188.939 272.288
109 177.700 216.043 694.893 998.170
With known fit constants, we generated values for the RBLRin ,
RBLRout , R
SR
in and R
SR
out for the set of four different SMBHs (see Table
3). Our approach is the following. For each model with known
input mass of the SMBH, we solve 3D radiative transfer using
stokes. We apply the AP15 method to the simulated results, and
finally, we compare the value of the obtained SMBH mass with
the value of input SMBH mass.
4. Observations
We have selected four AGNs with prominent change of ϕ across
the line profile: NGC4051, NGC4151, 3C273 and PG0844+349.
Spectropolarimetry was done with 6 m telescope of SAO
RAS (The Special Astrophysical Observatory of the Russian
Academy of Sciences) using modified version of the SCORPIO
spectrograph (see Afanasiev & Moiseev 2005, 2011). Data re-
duction and the method of calculating the polarization parame-
ters as well as corrections for the interstellar polarization is done
in the same way as it is described in Afanasiev & Amirkhanyan
(2012). Model parameters for these objects are given Table 4. In
order to test the AP15 method theoretically, we modeled each of
these objects using observational data available from the litera-
ture. This is important since we can perform direct comparison
of the results obtained from the model with the newest spec-
tropolarimetric observations using the SAO RAS 6 m telescope.
RBLRin and R
SR
in were taken from the literature using dust rever-
beration method (Kishimoto et al. 2011; Koshida et al. 2014,
Table 1), while RBLRout and R
SR
out were computed in the same way as
for the generic models. Model parameters for these objects are
given in Table 4. Input mass was obtained by applying the AP15
method to the observational data.
NGC4051 is a relatively nearby Seyfert 1 galaxy with the
cosmological redshift equals to 0.0023, known for its highly
variable X-ray flux (McHardy et al. 2004). NGC 4051 was ex-
tensively observed in the high energy band to see if the rapid
continuum variations observed in the X-ray spectra are corre-
lated to the optical band fluctuations. This is not the case, de-
spite that the time-averaged X-ray and optical continuum fluxes
are well correlated. Only the flux of the broad Hβ line is lag-
ging behind the optical continuum variations by 6 days, allow-
ing us to estimate the mass of the central supermassive black
hole (Peterson et al. 2000). The optical continuum polarization
of NGC 4051 was measured by Martin et al. (1983) and Smith
et al. (2002), who found a polarization degree of 0.52 ± 0.09%
and 0.55 ± 0.04%, respectively. The polarization position angle
was found to be parallel to the radio axis of the AGN, such as
expected for most of Type-1 objects (Antonucci 1993).
NGC4151 is a 1.5 Seyfert galaxy situated at z = 0.0033
(de Vaucouleurs et al. 1991), which is sometimes considered
to be the archetypal Seyfert 1 galaxy (Shapovalova et al. 2008,
2010). It is one of the brightest Type-1 AGN in the X-ray and
ultraviolet band, and its bolometric luminosity is of the order of
5 × 1043 erg/s (Woo & Urry 2002). The mass of its central super-
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Fig. 3. Mass – radius relation, for RBLRin (left panel), R
BLR
out (middle panel) and R
SR
in (right panel). Data taken from literature (see Table 1) are denoted
as triangles, while solid lines represent the best fit. Dashed lines mark the 1σ uncertainty.
massive black hole was estimated by optical and ultraviolet re-
verberation techniques and is estimated at 4.5 × 107 M (Bentz
et al. 2006). Since NGC 4151 stands out thanks to its high fluxes
and proximity, its optical polarization was extensively observed
(see Marin et al. 2016). The averaged 4000–8000 Å continuum
polarization is below 1%, with a polarization position angle par-
allel to the radio axis of the system. In the optical range, NGC
4151 shows flux variations of the continuum and of the broad
lines up to a factor of ten or greater (Shapovalova et al. 2008,
2010). The wings of broad lines also vary greatly from very in-
tensive ones corresponding to type Sy1 in the maximum state of
activity to almost complete absence in the minimum state of ac-
tivity. In April 1984, the nucleus of NGC 4151 went through a
very deep minimum and the broad wings of hydrogen lines al-
most completely vanished and the spectrum of the nucleus was
identified as a Sy 2 (Penston & Perez 1984). In this phase, the
intensity in the broad component of a spectral line is too weak
that probably the AP15 method could not be used. Another tech-
nique must be used to explore the geometry of the object, such
as proved by Hutsemékers et al. (2017) and Marin (2017).
3C273 is a well known flat-spectrum radio source quasar
with broad emission lines. It is the brightest and one of nearest
quasars known to us (z = 0.158, Courvoisier et al. 1987, 1990).
It is a radio-loud object, i.e. its radio-to-millimeter energy output
is dominated by synchrotron emission from a kilo-parsec, one-
sided jet, whose emission extends up to the infrared and optical
bands. 3C 273 is particularly bright in the optical and ultravio-
let domains, which enabled the detection of the polarization of
the optical emission. Its mean optical core polarization was mea-
sured by Appenzeller (1968) and is of the order of 0.2 ± 0.2%,
being consistent with galactic interstellar polarization (Whiteoak
1966). The optical polarization emerging from the jet structure is
higher as resolved into a number of highly polarized knot struc-
tures by Thomson et al. (1993). Nevertheless, Balmer emission
lines were first measured by Schmidt (1963) and allowed a de-
termination of the central black hole mass from the average line
profiles (Kaspi et al. 2000).
PG0844+349 is a radio-quiet quasar at a cosmological red-
shift of z = 0.064 that, in comparison to most quasars, was
not originally detected in the radio frequency: at radio wave-
lengths, its nucleus is unresolved (Kellermann et al. 1994). It was
first discovered in the Palomar Green sample (Schmidt & Green
1983) and found to possess strong Fe II emission and weak for-
bidden narrow lines, a behavior that is expected from narrow-
line Seyfert-1s (NLS1). On the other hand, the X-ray proper-
ties of PG 0844+349 are aligned with the NLS1 classification
(a steep soft X-ray spectrum and strong variability, see Boller
2001), and the optical polarization measurements achieved by
Afanasiev et al. (2011) also point towards a regular NLS1 ob-
ject (optical continuum polarization of 0.85 ± 0.10%). Hence,
using Type-1 AGN reverberation mapping techniques, Peterson
et al. (2004) estimated the mass of the central black hole to be
(9.24 ± 3.81) × 108 M.
5. Results
We present our results which can be divided into two parts, first,
the results of modeling, and second we compare our models
with observations. The same convention used by Goosmann &
Gaskell (2007) was adopted in this work. Namely, ϕ is parallel
to the symmetry axis of the model when ϕ = 90◦, which was
observed for Type-1 objects, or ϕ is orthogonal to the symmetry
axis when ϕ = 0◦, that is again, observed for Type-2 objects.
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Table 4. Central SMBH masses, inner and outer radius of the BLR and SR that we used in our model for comparison with the observed data.
Object log(MPOL/M) RBLRin R
BLR
out R
SR
in R
SR
out
ld ld ld ld
NGC 4051 6.69 ± 0.21 4.3 15.0 38.1 53.7
NGC 4151 7.21 ± 0.27 6.6 17.5 44.0 63.8
3C 273 8.85 ± 0.27 306.8 440.6 963.7 2035.8
PG0844+349 7.70 ± 0.14 12.2 77.4 189.0 357.6
5.1. Generic modeling
We simulated different geometries of the BLR. First we per-
formed the simulation for different masses of the black holes
with assumption of a pure Keplerian motion, after that we con-
sider the radial inflow and vertical outflow as additional compo-
nents in gas motion to the Keplerian caused by the black hole
mass. We simulated both cases where Keplerian motion is in an-
ticlockwise (positive) and clockwise (negative) direction.
5.1.1. Pure Keplerian gas motion in the BLR
We consider the pure Keplerian motion of the BLR emitting gas,
taking that there are no other effects as e.g. outflows and inflows.
We present the results of the four probe models. In Figs. 4 and 5,
we show the simulated profiles of ϕ, polarized flux (PF), degree
of polarization (PO) and total flux (TF) across the broad line
profile.
Each scattering element can see the velocity resolved BLR emis-
sion which produces polarized lines that are broader than the un-
polarized lines. Simulated degree of polarization is of the same
order of magnitude as the one obtained from observations and
is typically around 1% or less (Marin et al. 2016). From our
models (Figs 4 and 5, bottom right panels), we can see that the
degree of polarization is sensitive to inclination. Extensive mod-
eling with complex radiation reprocessing (see e. g. Marin et al.
2012, for more details) have shown that the total PO is increas-
ing as we start looking from the face-on viewing angle towards
Type-2 viewing angles. Although we included only equatorial
scattering in our model, the dependence of PO with inclination
is following this trend. The PO profile peaks in the line wings
and reaches minimum in the line core just as it was shown by
Smith et al. (2005). This feature was very well observed for the
case of Mrk 6 (Smith et al. 2002; Afanasiev et al. 2014) and it is
supporting the suggested scattering geometry.
The polarization plane position angle is aligned with the disk
rotation axis, hence also with the radio jet axis. In Figs. 4, 5 (left
panels), we show the simulated profiles of ϕ for three viewing in-
clinations. The ϕ profiles show typical symmetric swing that was
predicted for Type-1 objects where the radiation from the Kep-
lerian rotating disc-like BLR is being scattered by outer dusty
torus (Smith et al. 2005, AP15). The direction of rotation only
affect ϕ, while TF, PF and PO remains unaffected. For anticlock-
wise rotation, ϕ reaches maximum value in the blue part of the
line and minimum in the red part of the line. The ϕ swing occurs
around the level of continuum ϕc = 90◦. Due to the symmetry of
the model (also for all other models performed in the paper), ϕ
is symmetric with respect to the continuum polarization in such
a way that for a given inclination i, it satisfies the following:
ϕ(180◦ − i = 180◦ − ϕ(i). (9)
In other words, for a given half-opening angle of the torus θ0,
and for Type-1 inclinations where 0 ≤ i ≤ 90◦ − θ0, observer
Table 5. Input mass (Column 1), viewing inclinations (Column 2) and
masses obtained for probe models (Column 3). Masses are given in M.
log Minput i(◦) log(MMOD/M)
25.01 6.72 ± 0.10
6 32.46 6.44 ± 0.06
38.62 6.28 ± 0.05
25.01 7.59 ± 0.10
7 32.46 7.30 ± 0.07
38.62 7.17 ± 0.04
25.01 8.65 ± 0.11
8 32.46 8.39 ± 0.07
38.62 8.23 ± 0.06
25.01 9.67 ± 0.16
9 32.46 9.43 ± 0.12
38.62 9.27 ± 0.10
can see one way of rotation, and the corresponding ϕ profile will
be as shown in Figs. 4 and 5. If the system is viewed for Type-1
viewing angle where 90◦ + θ0 ≤ i ≤ 180◦, opposite direction of
rotation is observed and the resulting ϕ satisfies Eq. 9. This sym-
metry can be seen in Figs. 4 and 5 (left panels). Thus spectropo-
larimetric observations of Type-1 Seyferts can disentangle the
rotation direction of the gas by observing the ϕ profile. The Eq.
9 is satisfied within the Monte Carlo uncertainty and it was used
for improving photon statistics in our simulations by a factor of
2, by simply taking average value of the STOKES parameters
for inclinations i and 180◦ − i.
When performing AP15 method to the modeled data, one
needs to consider polarization only in the broad line and for that,
it was necessary to subtract the continuum polarization for all
Type-1 inclinations:
∆ϕ = ϕ − 90◦. (10)
Since all of our observed objects are rotating clockwise (see
Sect. 5.2), we performed the AP15 method assuming opposite
direction of rotation, without introducing new simulations. In
Fig. 6 (lower panels), we show the fit described by AP15 method.
We find that Keplerian motion can be traced across the ϕ profile
for Type-1 viewing inclinations. The region inside the 1σ error
around the linear fit is becoming smaller as we go from face-on
towards edge-on inclinations. For inclinations 25◦ or lower, the
simulated data show much higher scatter around the straight line
rather than for the cases with an average inclination.
The effect of a wide SR (in our case θ0 = 35◦) can lead to
a mass estimates by a maximum of ∼ 1.5 higher than the ones
obtained for equatorial scattering, and only if the SR lies much
farther away from the BLR (see Eq. 4). In this case, the influence
of the viewing inclination must be taken into account.
It is important to note that in the Eq. 4, we used the inner
radius of the SR in order to estimate the mass of the SMBH.
However, the SR is not acting as a mirror from which the light
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Fig. 5. Same as Fig. 4, but for SMBH of 109 M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Fig. 6. Modeled polarization ϕ (upper panels) and velocities (lower panels) across Hα profiles for the model with central mass of 106 M. Filled
symbols are for the blue part of the line and open symbols are for the red part of the line. Solid line represents the best fit.
is being scattered from the inner wall. Scattering events occur in
the entire SR, and they all contribute to the total ϕ shape. Obtain-
ing the value for parameter a is a straightforward procedure, but
the final estimated SMBH value is largely depending on the ac-
tual value of Rsc. In the optically thick media, the largest fraction
of photons is being scattered of the inner side of the SR.
One of the factors that have significant impact on the ϕ am-
plitude is the mutual distance between the BLR and the SR
(Smith et al. 2005). The amplitude of ϕ is decreasing when mu-
tual distance increases, which affects black hole mass estima-
tion. Therefore, we investigated different cases with various mu-
tual distances between the BLR and SR while keeping the same
thickness and the optical depth of the SR. In Figs. 7 and 8, we
show the influence of different mutual distance between the two
regions, and how it affects the parameter a and SMBH estimates.
Our models show that mutual distance between the BLR and
SR has a great influence on the parameter a which consequently
greatly affects our black hole mass estimates. One can see that
parameter a shows the same profile and the same inclination de-
pendence for all simulated cases. Only when the SR is adjacent
to the BLR we obtain inclination independence of the SMBH
mass estimates. Due to the nature of the Eq. 4, SMBH mass es-
timates are increasing when the mutual distance increase. For a
given accuracy of 10%, we find that the best SMBH estimates
for all four cases are when the ratio of the inner radius of SR
and the outer radius of the BLR is between 1.5 and 2.5 (Fig. 8).
For the inclinations of 25◦ or less (face-on view), contribution
of equatorial scattering is low and we find that Keplerian motion
cannot be recovered from the ϕ profile.
5.1.2. Keplerian motion and radial inflow
We investigated a particular case when the BLR is undergoing a
constant radial inflow. We tested three cases with BLR radial in-
flow velocity equals to 500 km s−1, 1000 km s−1 and 2000 km s−1.
Similarly as before, in Fig. 9, we show simulated profiles of ϕ,
PF, PO and TF. In this regime, the SR can see additional compo-
nent of the BLR velocity, which as a net effect increases the ab-
solute value of the radial velocity that a single scattering element
can see. This leads to additional line broadening (Fig. 9, lower
right panel) when compared with the case with pure gas Kep-
lerian motion only. As a resulting effect, the distance between
the positions of the maximum and the minimum of the ϕ is in-
creased (Fig. 9, left panels). Therefore, for a low velocity radial
inflow, mass estimates of the SMBHs are slightly higher than
the ones obtained in the case with Keplerian motion only. This
overestimation of the SMBH mass mostly affects the model for
which the SMBH has mass of 106 M. For other models, Keple-
rian motion is even more dominant (except for the very extreme
cases which are not expected) and the influence of the radial in-
flow can be neglected.
5.1.3. Keplerian motion and vertical outflow
Another contribution to velocity might be due to vertical out-
flows. We tested three cases for which the innermost one third of
the BLR is undergoing a constant vertical outflow of 500 km s−1,
1000 km s−1 and 2000 km s−1. In this case, the equatorial scatter-
ing elements will not see this velocity component. Scattering el-
ements above the equatorial plane will see this component mul-
tiplied by a factor of cosα, where α is latitude, to a maximum
of cos 35◦. This can be neglected when the outflow velocity is
much lower in comparison with Keplerian velocity. In Fig. 10,
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Fig. 7. Dependance of the parameter a on the ratio between the inner radius of the SR (RSRin ) and the outer radius of the BLR (R
BLR
out ) for three given
inclinations.
we show the results of simulated ϕ, PF, PO and TF influenced by
vertical outflows in the BLR of 2000 km s−1 for the case where
SMBH has the mass of 106 M. Unpolarized line (bottom right
panel) is additionally broadened in the wings. Polarized line (up-
per right panel) is almost the same as the one for the case with
Keplerian motion only (Fig. 4, upper right panel) due to the rea-
sons explained above. Contribution of outflow velocity is high-
est for nearly face-on view. In Fig. 11, left panels, the ϕ profile
shows additional bump which prevents us from correctly using
the AP15 method. We would like to point out again that in our
model, the BLR is transparent and that observer can see the ra-
diation coming from both approaching and the receding part of
the BLR outflows. We know from observations that this is not
the case (e.g Mrk 6, Afanasiev et al. 2014), and we expect to ob-
serve radiation from the approaching side of the BLR outflows,
while the radiation from the receding side of the BLR outflos
should be blocked, thus affecting only the blue part of the line.
5.2. Comparison with observations
Here we present the fits of our model with observations in order
to estimate the SMBH mass. We fit model data to observational
data and compare the results. The results are given in Table 6,
and below we discuss the results and visual comparison for each
object.
NGC 4051 – We were able to obtain expected ϕ shape (Fig. 12,
upper panels).
The amplitude of the ϕ has very close value as the observed one
for the lowest inclination in the model for which i = 25.01 ◦.
For this inclination, the position of the maximum and the min-
imum of ϕ is displaced which yields the highest mass estimate.
As we start viewing from higher inclinations, the ϕ amplitude is
decreasing and we could better fit the line wings (Fig. 12, lower
panels), and the difference between the estimated values of the
SMBH masses and the input mass is smaller. We can see that
simulated data in the line wings for i = 25◦ are deviating from
the theoretically predicted straight line. For intermediate incli-
nations the 1σ offset is smaller and the fit is better. Similarly,
SMBH masses estimated from the fitting of the model data are
higher than the input mass as it was in the previous case. For this
object, RSRin /R
BLR
out ≈ 2.54.
NGC 4151 – Similar as in the previous case, we obtain the high-
est mass estimate for the lowest inclination. Keplerian motion is
very well shown as a straight line (Fig. 13, lower panels), where
1σ error is small, especially in the case for which i = 39◦. For
this object, RSRin /R
BLR
out ≈ 2.51.
We can see that in the extreme wings of the line, the modeled ϕ
becomes very sensitive to spectral resolution and this sensitivity
is smaller for higher inclinations.
3C 273 – We obtained very low ϕ dependence on inclination,
however, the ϕ amplitude is much smaller, around 19◦ for all in-
clinations (Fig. 14). Model data show deviation from the straight
line in the line wings, however, the scatter is much smaller than
it is for the observational data. The ratio RSRin /R
BLR
out ≈ 2.19 is the
lowest when compared with other observed objects.
Mass estimates follow previous trend – the highest estimate for
the lowest inclination.
PG0844+349 – We can see from observations that ϕ profile is
asymmetric and that ϕ amplitude is greater for the red part of the
line than for the blue part. Results are similar as for the first two
objects (Fig. 15), RSRin /R
BLR
out ≈ 2.44.
For all modeled objects, we were able to produce very simi-
lar profiles of ϕ as the observed ones (Figs. 12, 13, 14, 15, upper
panels). SMBH masses estimated from the fitting of the model
data are higher than the ones obtained by fitting the observa-
tional data and the obtained values are decreasing as the viewing
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Fig. 8. Black hole mass estimation as a function of the ratio between the inner radius of the SR (RSRin ) and the outer radius of the BLR (R
BLR
out ) for
three given inclinations. Horizontal dashed lines represent the interval of 10% deviation from the input mass (solid line).
inclination increases (Table 6). This is due to the fact that the ϕ
amplitude is very sensitive to inclination and is decreasing when
viewing from face-on towards edge-on inclinations (from lower
to greater). For all observed objects, modeled PO ranges from
0.5% to 1.5% for inclinations from lowest to highest. As a mea-
sure of the strength of a linear association between the model
data and the fit, we give the values of the Pearson correlation co-
efficient r. For all objects we find that the correlation coefficient
r is greater than 0.9, except for NGC4151 when viewed from
inclination i = 25.01◦ (Fig. 13, lower leftmost panel). The corre-
sponding p values are very close to 0, indicating a strong linear
connection between the modeled data and the fit.
Observational data are much more scattered from the pre-
dicted straight line. In general, this yields an error in SMBH es-
timates few times greater compared with an error obtained by
reverberation mapping Afanasiev & Popovic´ (2015). In the case
for NGC 4051 and NGC 4151, modeled data fits the best for the
highest inclination (Figs. 12, 13, rightmost bottom panels), or is
in offset when viewing more towards face on (Figs. 12, 13, bot-
tom left and middle panels). The 1σ uncertainty is smaller for
intermediate inclinations. The largest overestimate of the mass,
by a factor of 3, is for NGC4051 for i = 25◦. For all models
RSRin /R
BLR
out > 2. This falls in the regime where the SMBH mass
estimation shows dependence on inclination. We achieve the best
SMBH mass estimates for inclinations i ≈ 39◦ which is close to
the value of an average inclination (i = 39◦ for Type-1 objects
(Lewis et al. 2010; Hryniewicz & Czerny 2012).
6. Discussion
Previous spectropolarimetric studies of Type-1 Seyferts have
shown that the polarization signature across the broad Hα is
widely varying from object to object (Smith et al. 2002). At inter-
mediate viewing inclinations, equatorial scattering is dominating
the observed polarization and the wavelength averaged polariza-
tion ϕ is closely aligned with the projected radio source axis. In
their original model, Smith et al. (2005), have used single scat-
tering approximation i.e. photons emitted from the BLR are be-
ing scattered only once from the SR before finally reaching the
observer. In their model, SR is optically thin and we find that
optical depth of at least 1 along with the higher covering factor
of the SR is required to in order to obtain ϕ and PO comparable
with observations.
In our Monte Carlo simulations, the treatment of multiple
scattering events was fully performed and we find that the largest
fraction of photons is being scattered only once, while the other,
smaller fraction of photons is undergoing a backward scattering
from one side of the SR to the other. This secures good circum-
stances for the application of the AP15 method. In our model,
we approximated the emission of an accretion disk as a point
source of isotropic continuum emission. We know that this is
not the case and that anisotropy arises due to change in the pro-
jected surface area and due to limb darkening effects (Netzer
1987). The strongest emission is in the direction perpendicular
to the disk and is rapidly decreasing towards edge-on viewing
angles. The inner radius of the SR thus cannot be constant, and
should follow similar dependence on the polar angle as the disk
emission (Stalevski et al. 2016). Silicate and graphite dust grains
have different sublimation temperatures. Graphite grains can sur-
vive up to ∼ 1900 K and therefore reach closer than silicates
which are destroyed when the temperature is ∼ 1200 K. Further-
more, smaller dust grains are destroyed at the lower tempera-
tures than the larger grains (Draine 1984; Draine & Lee 1984;
Barvainis 1987). Therefore, we can expect an entire sublimation
zone, from graphite to silicate and from larger to smaller dust
grains (Kishimoto et al. 2007; Mor & Netzer 2012). This gives
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Fig. 9. Same as Fig. 4, but beside Keplerian motion, by large inflow of 2000 km s−1 is included in the BLR kinematics.
Table 6. Viewing inclinations, SMBH masses estimates from the model (Column 3), from observations (Column 4) and from reverberation
mapping (Column 5).
Object i(◦) log(MMOD/M) log(MPOL/M) log(MREV/M)
25.01 7.2 ± 0.2
NGC 4051 32.46 6.92 ± 0.09 6.69 ± 0.21 6.24 ± 0.13
38.62 6.78 ± 0.06
25.01 7.56 ± 0.07
NGC 4151 32.46 7.40 ± 0.03 7.21 ± 0.27 7.12 ± 0.05
38.62 7.27 ± 0.04
25.01 8.94 ± 0.09
3C 273 32.46 8.90 ± 0.09 8.85 ± 0.27 8.83 ± 0.11
38.62 8.87 ± 0.08
25.01 8.00 ± 0.08
PG0844+349 32.46 7.95 ± 0.06 7.70 ± 0.23 7.85 ± 0.21
38.62 7.88 ± 0.06
Notes. MPOL denotes masses obtained using AP15 which we used as input mass. Masses obtained by reverberation mapping were taken from
Bentz & Katz (2015) using virial factor 〈 f 〉 = 4.31 ± 1.05 (Grier et al. 2013).
opportunity for dust particles to inhabit equatorial region in the
close vicinity of the BLR. Equatorial scattering of broad lines
from the adjacent SR gives very low inclination dependence on
the parameter a rendering the AP15 method inclination indepen-
dent.
For SMBH mass estimates using the AP15 method, the inner
radius of the torus is needed. It can be obtained directly using
dust reverberation in the infrared (Kishimoto et al. 2011). The
number of objects for which dust reverberation has been per-
formed is smaller than the number of objects for which the re-
verberation have been performed in optical. For most of the ob-
jects, RSRin can be calculated only through scaling relations, which
can additionally increase an error in the SMBH estimates. The
other way is to calculate RSRin from the UV radiation (Barvainis
1987). For this we need to know a priori the physical and chemi-
cal composition of dust. Using the right value is important since
estimated BH mass is directly proportional to the inner radius.
Seyfert 1 galaxies are often highly variable and when they
are in a state of the minimum activity (up to the Type-2), the
shape of the position angle of the polarization plane cannot be
detected because of the weakness or absence of a flux from the
broad line. In this case, the mass estimation using AP15 method
is not applicable, even if the object is confidently assigned to the
type of objects with equatorial scattering. Therefore, in future
modeling, one must take into account the variability of an AGN.
Originally the AP15 method was proposed for systems with
an inclination between 20◦ and 70◦. For high viewing inclina-
tions, we have Type-2 objects for which polar scattering domi-
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Fig. 10. Same as Fig. 4, except that here the inner one third of the BLR undergoes a constant vertical outflow of 2000 km s−1.
nates the polarization signal and the methods is not longer valid.
For almost pole-on AGN, the AP15 method faces two prob-
lems. First the amount of interstellar polarization can dominates
over the amount of scattering-induced radiation from the inner-
most regions of AGN. The amount of interstellar polarization is
wavelength-dependent and often maximum in the optical band
(see Serkowski et al. 1975). Since the polarization signal of po-
lar AGN in the optical band is usually much lower than 1% in
the optical (Smith et al. 2002; Marin 2014), the AP15 method
is thus restricted to inclinations higher than 20 degrees. Second,
the method overestimates SMBH mass by a factor of 1.5 in com-
parison with the value obtained for the lowest inclination when
RSRin /R
BLR
out ≈ 2. When the SR is closer, inclination effect is lower
and the mass estimates are only depending on the SR inner ra-
dius.
Note here that several recent works (Piotrovich et al. 2015;
Baldi et al. 2016; Songsheng & Wang 2018) gave some ideas to
use the spectropolarimetry to estimate BH mass in AGNs. Ba-
sically, all above mentioned papers try to constraint the virial
factor (Piotrovich et al. 2015; Songsheng & Wang 2018), or to
use the broad polarized line (Baldi et al. 2016) to find the black
hole mass. In the work by Songsheng & Wang (2018), the au-
thors performed Monte Carlo simulations for a wide range of
parameters assuming a static flared-disk geometry for the equa-
torial region. In comparison to the unpolarized spectra, the virial
factor of the polarized spectra has a much narrower distribution.
Besides, the half opening angle of the BLR and the nucleus in-
clinations appear to be the two parameters with the highest in-
fluence on the virial factor. The difference between the methods
mentioned above and AP15 is that the AP15 method provide di-
rect measuring of the BH mass from the polarization angle, and
here we also used some similar approaches as in Songsheng &
Wang (2018), but focusing on a polarization plane position an-
gle ϕ and the limits of the AP15 method. In comparison, our 3D
polarized radiative transfer simulations have shown that the po-
larization plane position angle is largely affected by the distance
between the BLR and SR. If the two share similar values, the
mass estimated using AP15 method becomes inclination inde-
pendent, which is a great advantage in comparison to traditional
reverberation mapping techniques.
7. Conclusions
We modeled polarization effects in AGN broad lines in order to
constrain the limits of the AP15 method for the BH estimates
using polarization in broad lines.
We used Monte Carlo radiative transfer code stokes that in-
cludes multiple scattering for accurate polarization treatment.
We considered equatorial scattering (on the torus) of the light
from a BLR that has dominant Keplerian motion. Additionally
we considered complex BLR kinematics having inflows and out-
flows
We explore all these effects on the accuracy of the BH mass
measurement using AP15 method.
From our investigation we can outline following conclu-
sions:
– If Keplerian motion can be traced through the polarized line
profile, then direct estimates of the mass can be performed
for obtaining reasonable values.
– The effects of possible inflow/outflow configuration of the
BLR take its toll only for extreme cases where the velocity
of inflowing/outflowing emitter is comparable or higher than
the Keplerian velocity.
– Masses of the SMBHs obtained by AP15 method are in a
good agreement with the ones found in literature.
The AP15 method gives us the new independent way of
mass estimation. Future parameter grid will be extended with
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Fig. 11. Same as Fig. 6, except that here the inner one third of the BLR undergoes a constant vertical outflow of 2000 km s−1.
inflow/outflow configuration of the scattering region with the
possibility of considering clumpy structures. We expect to per-
form high quality spectropolarimetric observations of the high-
redshifted quasars and test the AP15 method on high ionized
lines such as C III] and C IV.
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Fig. 13. The same as in Fig 12, but for NGC4151.
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Fig. 14. The same as in Fig 12, but for 3C273.
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Fig. 15. The same as in Fig 12, but for PG0844+349.
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